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The Solvent Refined Coal (SRC) process is currently recognized as one of
the more promising processes for producing an environmentally acceptable boiler
fuel from coal. In the SRC process, ccal is liquefied to aliow removal of
entrained minersl matter by physical separation methods and reacted with -
hydvogen to remove chemically part of its organic sulfur. Liquefaction of
coal has been shoawn to occur almest instantancously upon reaching reaction
temperatures wh in the presence of a hydrogen-donor solvent, the overall
rate limiting st2p in liquefacticn being rehydrogenation of process solvent -
which may be periormad seperately in the recycle stream - to replenish hydrogen-
donor species (1,2). Based on data coilected in this laboratory hydrodesul-
furization (HDS} of coazl, on the cther hand, appears to be a much slower
reaction. As a result, the kinetics of HDS will be a primary, if not the
controlling factor in the design and operation of the dissolver/reactor in the
SRC process.

In the present work, an experimental evaluation is made of the feasibility
for accelerating HDS of coal by simply varying reacticn conditions and utilizing
coal mineral matier and/or other cheap regenerable catalysts. The rate data
reported were ali obtained in a batch system; and. except for one series of
experiments, only one coual type, & bituminous Kentucky No. 9/14, was used.
Experimental methods and materials are given in {2}, except as noted herein.

A reaction model was developed that gives an excellent fit to the experimental
data. The model, as well as othsr results of the comparative studies perfarmed,
is intended to assist in predicting and interpreting results from pilot studies
of the SRC process, such as those at Wilsonviile, Alabama, and TJacoma, Washing-
ton. The model provides aiso a useful design tool; but, for a reaction systen
as coriplex as tha one dealt with here, it would be presumptuous to suggest

that it represents the true mechanism.

In a previously reported catalyst screening study {5), several minerals
indigenous to ccal were shown to have a catalytic effect on the HDS of creosote
0il. Of particuliar interest was the observaticn that in the presence of reduced
metallic iron the HOS rate of the oil was significantly higher than that resulting
when no mineral was present; whereas, in the presence of pyrite the HDS rate
was about the szme as it was when no mineral was present. These observations
were surprising in that both reduced iron and pyrite are converted into the
suliide form (pyrrhotite) within the first fifteen to twenty minutes of reaction.
Based on these observations, to further examine the practicality of coal mineral
catalysis, a series of experiments was performed to ascertain whether the acce-
Teration of the HDS rate in the presence of iron was predominantly thermodynamic
or catalytic in nature. It is passible that iron, by removing HpS, promotes HDS
by Le Chatelier's principle, or simply prevents the HpS from reducing the
activity of catalytic sulfides by preferential adsorption.

Basic Mature of Reactions

The influént coal/oTl slurry to the reactor/dissolver in the SRC process
includes a wide variety of sulfur-containing compeunds; “hiols, disulfides,
sulfides, thiolethers, y-thicpyrone, thiophenes, dibenzothiophena2s, and other
heterocyclic suifur compounds. In general, thiols, disulfides, sulfides
thiolethers, and yv-thiooyrene are very reactive - underqoing hydreogenolysis
al an appreciabic rate, forming ¥)S end hydrogenated corpounds, without the
aid of a catalyst; whereas, heterceyclic sulfur compounds are much less reac-
tive - requiring a catalyst to achieve an acceplable KBS rate, As a result
of the large difference in reactivity of Lhese twd groups of sulfur-cantaining
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compounds and to simplify analysis, the HDS reactions involving individual
compounds in each of these two groups sometimes are lumped together; and HDS
of a coal/oil Slurry is often treated as if there were only two reactive
compounds (3,4).

In addition to HDS reactions, under reaction conditions used in the SRC
process, hydrocracking (i.e., breaking of C-C bonds) and hydrogenation reactions
also occur. It is by means of these reactions - particularly cracking reactions -
that coal solids are converted into lower molecular weight components that are
soluble in SRC process solvent, allowing removal of entrained mineral matter by
subsequent physical separation methods. These reactions take on importance, other
than liquefaction of coal s61ids, by consuming hydrogen in the process without
removing sulfur. Only that amount of hydrogenation, or cracking, required to
liquefy coal solids and allow mineral matter removal is desired. Any excess
hydrogenation beyond this amount, such as in the formation of Cy - C4 gases,
etc., results in inefficient use of hydrogen, thus higher operating costs. This
should be avoided as much as possible. Actually SRC product contains a slightly
lower hydrogen/carbon ratio (H/C = 0.75) than the feed coal itself (H/C = 0.8).
Furthermore, the stoichiometric amount of hydrogen required solely for removal
of an acceptable amount of sulfur as HpS in the SRC process is an order-of-
magnitude less than the total amount of hydrogen currently consumed (two weight
per cent of MAF coal feed) at the Wilsonville, Alabama, and the Tacoma, Washing-
ton, SRC pilot plants. Excess hydrogenation therefore accounts for most of the
hydrogen consumed in producing solvent refined coal.

The rate of noncatalytic (except for mineral matter) HDS, unlike that of
hydrogenation, appears to be relatively insensitive to hydrogen concentration,
in the form of either dissolved molecular hydrogen or readily transferable hydro-
gen such as that attached to donor species (e.g., tetralin) contained in the
process solvent. Variation, for example, in initial hydrogen partial pressure
from 1000 to 2600 psig at reaction temperature had no significant effect on the
final organic sulfur content of a coal/creosote-0il reaction mixture, even after
two hours of reaction (Table 1). Also, as shown in Table 2, the reduction in total
sulfur content of the coal was essentially the same after fifteen minutes of
reaction when slurried with creosote 0il - which contained only trace amounts
of tetralin and other known hydrogen-donor species - as when slurried with pre-
hydrogenated creosote oil - which, like the SRC recycle oil used, contained signi-
ficant amounts of tetralin and 9,10 dihydrophenanthrene. The rate of liquefaction,
on the other hand, was significantly higher when the coal was extracted in prehydro-
genated creosote oil. When reacted in an inert nitrogen atmosphere, the cresol-
soluble yield was almost twice that obtained when the coal was extracted with untrea
ted 0il. The high sensitivity of the rate of liquefaction, as opposed to the
relative insensitivity of HDS to hydrogen concentration is further evidenced in
that the cresol-soluble yield was significantly higher when the coal was reacted in
an initial 2000 psi hydrogen atmosphere, both when slurried with creosote oil and
also when slurried with pre-hydrogenated creosote oil. Also, solvent-to-coal ratio
had no significant effect on HDS.rate relative to that of liquefaction (Table 3).

The rate limiting step in liquefaction has been shown to be the reaction of
dissolved molecular hydrogen with the donor solvent, with the transfer of hydrogen
from the donor solvent to coal solids occurring rapidly (1,2). In fact, when
extracted in a highly active hydrogen donor solvent such as hydrogenated creosote
0il, coal solids have beei obsi::ad to liquefy almost instantaneously upon reaching
reaction temperature (1). Thu: lhe observed sensitivity of the rate of lique-
faction to hydrogen concentrat. should be expected. Furthermore, as long as
solvent quality (i.e., a suffi.ivatly high hydrogen-donor concentration) is main-
tained - which can be done indcpendently by hydrogenating the recycled process
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solvent as 1S done in the Exxon process - with liquefaction occurring almost
instantly, HDS should be the controlling factor in the design and operation

of the dissolver/reactor. HDS kinetics thus take on a special importance for the
commercialization and development of the SRC process.

Coal Mineral Catalysis

A Timited experimental evaluation of process advantages and disadvantages
of coal mineral catalysis was presented in an earlier work (5). As part of
this evaluation, twelve different coal minerals and, also, actual SRC mineral
residue as well as coal ash were individually screened to rate their catalytic
activity on the HDS rate and hydrogenation of creosote oil relative to that of
a commercial Co-Mo-Al catalyst. Some results of this earlier work are given
in Table 4 and in Figures 1 and 2. Reduced iron, reduced pyrite (presumably
pyrrhotite), and pyrite had decreasing effects on sulfur removal during hydrogena-
tion/hydrodesulfurization of creosote 0il at 4250C, with reduced iron being
second only to Co-Mo-Al in catalytic activity for HDS and with pyrite, despite
its pronounced effect on hydrogenation, having essentially no apparent catalytic
activity for HDS. The relatively insignificant effect of pyrite on HDS rate
was further evidenced in that the rate of organic sulfur removal from coal
slurried in creosote 0il remained essentially the same even after about
seventy-five per cent of its pyritic content had been removed physically by
magnetic separation prior to reaction (Figure 3). Reduced iron, on the other
hand, was found to have a significant effect on HDS reactions when present in
only trace amounts (Table 5).

The stable form of iron in the presence of hydrogen and hydrogen sulfide
in the temperature range of 400 to 500°C is pyrrhotite (6,7). As shovn in
Figure 4, pyrite is reduced to the sulfide (presumably pyrrhotite) within about
fifteen minutes of reaction at 4250C. Rapid reduction of pyrite coal minerals
has also been observed to occur in the dissolver/reactor at the Wilsonville SRC
pilot plant (8). H»S product from the reduction of pyrite is thus generated
in the early stages of HDS. H2S is known to inhibit catalytic HDS of petroleum
feedstocks; thus, since some of the same sulfur-containing components in
petroleum feedstocks exist also in coal/oil slurries, H2S may inhibit HDS of coal/
011 slurries, or possibly react with previously desulfurized components. Therefore,
since reduced iron acts as an HpS scavenger, instead of an HpS producer as does
pyrite, one possible reason for the differences in catalytic activities of
reduced iron, reduced pyrite, and pyrite could be the different amounts of HpS
present during HDS as is shown in Table 4. 1In fact, the H»S partial pressure
was increased by a magnitude of two to three by the reduction of pyrite; whereas
no traceable amount of HpS product was present during the reduced iron run. Also,
when different weight percentages of iron were charged with creosote oil (Table 5),
no HyS product was detected until less than one per cent by weight of iron
was present. Interestingly enough, when iron was present in higher weight per-
centages (2.4 to 20%), the amount of sulfur removed during reaction was only
slightly different, and when present in lower percentages (1.0 to 0.5%), it
decreased in proportion to the amount of iron present, with trace amounts of
iron being as effective as 0:5 weight percent. The retarding effect of H2S on HDS
is further evidenced in that when H2S was added prior to reaction the amount of
sulfur removed was less during hydrogenation/HDS of both a bituminous Kentucky
No. 9/14 mixture coal and a sub-bituminous (Wyodak) coal (Table 10).

When iron gauze was used to scrub out any HpS product formed during hydro-
desulfurization of creosote 0il, while being mounted in the top of the reactor
above the 011, the amount of sulfur removal was about 20% higher than that obtained
without any scavenger agents present; that is, the final sulfur content of the oil
was 0.39% as opposed to 0.50%, a decrease equivalent to that obtained when one
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weight percent of iron was present. Apparently then, HoS does have a retarding
effect on HDS as might be expected from thermodynamics.

When five weight percent iron and a sufficient amount of HpS (to prevent its
complete removal by reaction) were present during HDS of creosote oil, the amount
of sulfur removal was only the same as that when either a trace amount or a
half weight percent of iron was present (Table 5). Apparently H2S retards the
effectiveness of iron sulfide as a catalyst, with trace amounts of iron sulfide
having about the same catalytic effect on HDS rates as larger amounts when
an appreciable H,S atmosphere exists. Since HoS does have a thermodynamic effect
on the HDS reactfons; however, the severity of its catalytic inhibition effect
is not completely defined.

In summary then, reduced iron appears to favor HDS by scavenging H2S product,
preventing any reverse reactions and by catalyzing HDS reactions, Unfortunately,
as shown in Table 6, reduced iron, 1ike most HDS catalysts, also accelerates hydro-
genation; as a result its use as a catalytic agent in the SRC process could con-
tribute to excess hydrogenation. Because of its potential as an inexpensive HDS
catalyst, however, further experiments are now in progress to better evaluate
its role in accelerating HDS reactions and its selectivity for HDS versus hydro-
genation.

Hydrodesulfurization Kinetics in the SRC Process

As shown in Figure 5, the variation of organic sulfur content of a coal/
creosote-oil reaction mixture with time follows a path close to that expected
for an overdamped second order dependence of rate on organic sulfur content. This
kinetic behavior is consistent with the basic nature of HDS reactions as described
in the foregoing discussion, in that it can be modelled by considering the reaction
mixture to contain only two hypothetical sulfur-containing compounds with
significantly different rate constants. The desulfurization reaction of each of the
two hypothetical components is assumed to follow first-order kinetics. A test
as to whether this assumed kinetic model is representative is the difference in
magnitude of the experimental rate constants, for the actual two groups of lumped
sulfur components are known to react at two widely differing rates. The large
difference in slope of the two lines in Figure 6 indicates that the experimental
rate constants are indeed significantly different, attesting that the model is
representative.

The high sensitivity of HDS rate to reaction temperature and its low sensi-
tivity to hydrogen concentration suggested that the HDS reactions were chemically
controlled and pseudo-homogeneous kinetics were thus used in modeling. Further-
more, since the retarding effect of HoS and the catalytic effect of pyrite coal
minerals apparently either offset each other or exist to such an extent
that the effect on HDS rate is insignificant - as a first-hand approximation-no
kinetic terms were used to represent the reverse reaction by HpS product. The rate
equation was thus written as:

Y‘HDS = —K]S] - K’ZSZ (])

where: Sy, and S are the organic sulfur concentration (g/cc) present in the
form of the two hypothetical sulfur-containing components, respectively. For a
batch reactor,
-K1t -Kzt
S =S8  * Sy (2)



The adjustable parameters S]P. S»9, Ky and Ky were determined empirically, using
a nonrlincar minimun sum-of-the-squares pumerical scarch routine. The Arrhenius
relationship was assumed, and rate cata for three different reaction temperatures
were uscd in determining empirical values for the four adjustable parameters. A
1ist of these values is given in Tadle 7; and a comparison between predicted HDS
paths and rate data is wede in finure 5, showing good zgreement. Also, the
Lrrhenius plots of the capirical rate coefficients are given in Figure 6. The
rate cocfficients for Lhe two hypothetical components differ by two orders of
magnitude (Table 8), in consistency with the large difference in slopes of the
two straight lines in Figure 6. In addition, the high activation erergy {Table 8)
for the reactive suifur-containing component provides further evidence that the
desulfurization reactions are chemically, rather than mass transfer controlled.
tote that there is no catalyst present, except for the indigenous coal mineral
matter. Finally, as shown in Table 9, the energies and enthalpies of activation
are indicative of chemicel rate processes, rather than transport processes. The
high activation encrgy and low entropy of activation for the fast rcaction are
indicative of a homogeneous reaction; the lower values for the slow reaction
indicate a possible catalytic effect, perhaps due to coal mineral matter. Here
again, however, since the exact reaction mechanism is unknown, one must exercise
caution when attaching significance to these numerical values.

Conclusions

Hydrodesulfurization reactions occur, under reaction conditions used in the
SRC process, at a rate that is practically independent of hydrogen concemtration.
Reduced iron has a catalytic affect on HDS reactions; in fact, it exhibits a
significant memory effect. Because of additional H,S product, pyrite has only
a slight catalytic effect on HDS reactions. Tne retardation of KBS reactions
by HpS product is due io catalytic iniibition as well as thermodynamic effects.
HDS reactions can be modeled as two first-order reactions occurring in parallel,
with two widely different raote constants.
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Table 5. Effect of Iros Concestration On

ltydrodesul furizition of Cressat2 041 Yable 7
Final HoS Hydrodesulfurization Model farareters
Partial Pressure
(s S0, 1.53 x 1073 gec
20. 0. .34 S0 6.51 x 1073 g/cc
20. 0. 3 K, (3850C) 1.69 x 1072 niy”!
3. 0. .35 Ky{&100C) 5.30 x 10~ mip™)
3. 0. .36 Kj{4350C) 15.32 x 10°2 gin-)
13. 0. 35 ¥, (385°C) .15 x 1074 mip}
4.7 0. .38 ¥;(410°C) 13.88 x 10°% nin-!
2.4 0. ) Ky(435°C) 22.74 x 1074 min-)
0.99 8. .40
0.49 66. .43
trace {merory effect) 63. .42 Tapie 8
trace (namory effect) - -45 Arrhenius Constants
0 36. .50
0 67. 50 tn X 2t min-1
1 Xy 7.417 nin’!
Reaction Conditions: o 40.78 keal
Temperature = 425°C - 1173 18.99 keal
M2 Pressure = 2000 psig @ 425°C
Agitation Rate = 1000 rpm
Initial Suifur Concentration = 0.64 perceat
Reacticn Time = 2 haurs
Table 9

Conparison of Erergies, Enthalpies, and Entropies

of Activation of Hydrodesulfurization with date

Table 6: Comparison of Hydrogenation and Kydrodesulfurization for Hydrodesulfurizztion of Coal Tar over K37 Cazalyst.*
in th on Catalyst
of Creosote 0fl in the Presence of Iron y K9S Model
. Coal

Wt. % Fe (H/Ho)avG (Sp/Sodaye Reaction 1 Reaction 2 Tar*
° 0.80 0.78 4EF 40.7 18.9 11 keal/matle
0.8 on 0.6 H 39.2 15.8 ] keal/mole
10 0.74 0.62 &5 -16.8 -58.2 -5¢ .y,
2.4 0.74 0.58
47 - 0.5% 5. A, Queder, N. H, Wiser, 6. R. Hil}

13.0 0.69 °_-55 1. & £.C. Prezess lesizn and Developrent

20.0 0.64 0.52 VYol. 7, fo. 3, 395, July, 1963

Table 10; Effect of H S on Rate of Hydrodesulfurization

of Kentucky and Wycdak Coals

Solvent Solvent-to-Coal Cresol Scludle  Total ¥ Sulfur % Sulfur % Sulfur
Atmosntere Coal Type Type. Ratie Yield {%} Before After Lliquid Fraction Solid Fraction
By Wyodak  Recycle 3:0 76.0 0.52 0.41 0.35 1.15
Hy + H,S Ryodak Recyclie 3 76.8 0.52 0.72 0.62 2.04
. [3

¥ Xentucky Recycle 2 86.4 1.10 0.80 0.52 2.86
9/14

Hz * HzS  Kentucky Recycle 21 88.9 1.10 0.93 0.63 3.58
9/14
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